Vietti ef al. Particle and Fibre Toxicology 2013, 10:52 
http://www.particleandfibretoxicology.eom/content/10/l/52 




PARTICLE AND 
FIBRE TOXICOLOGY 



RESEARCH Open Access 



Towards predicting the lung fibrogenic activity of 
nanomaterials: experimental validation of an 
in vitro fibroblast proliferation assay 

Giulia Vietti^ , Saloua lbouraadaten\ Mihaly Palinai-Pallag\ Yousof Yakoub\ Christian Bailly^, Ivana Fenoglio^ 
Etienne Marbaix"^, Dominique Lison^ and Sybille van den Brule^ 



Abstract 

Background: Carbon nanotubes (CNT) can induce lung inflammation and fibrosis in rodents. Several studies have 
identified the capacity of CNT to stimulate the proliferation of fibroblasts. We developed and validated 
experimentally here a simple and rapid in vitro assay to evaluate the capacity of a nanomaterial to exert a direct 
pro-fibrotic effect on fibroblasts. 

Methods: The activity of several multi-wall (MW)CNT samples (NM400, the crushed form of NM400 named 
NM400C, NM402 and MWCNTg 2400) and asbestos (crocidolite) was investigated in vitro and in vivo. The 
proliferative response to MWCNT was assessed on mouse primary lung fibroblasts, human fetal lung fibroblasts 
(HFL-1), mouse embryonic fibroblasts (BALB-3T3) and mouse lung fibroblasts (MLg) by using different assays 
(cell counting, WST-1 assay and propidium iodide PI staining) and dispersion media (fetal bovine serum, FBS and 
bovine serum albumin, BSA). C57BL/6 mice were pharyngeally aspirated with the same materials and lung fibrosis 
was assessed after 2 months by histopathology, quantification of total collagen lung content and pro-fibrotic 
cytokines in broncho-alveolar lavage fluid (BALF). 

Results: MWCNT (NIV1400 and Nl\/1402) directly stimulated fibroblast proliferation in vitro in a dose-dependent 
manner and induced lung fibrosis in vivo. NM400 stimulated the proliferation of all tested fibroblast types, 
independently of FBS- or BSA- dispersion. Results obtained by WSTl cell activity were confirmed with cell counting 
and cell cycle (PI staining) assays. Crocidolite also stimulated fibroblast proliferation and induced pulmonary 
fibrosis, although to a lesser extent than Nl\/1400 and NM402. In contrast, shorter CNT (Nl\/1400c and MWCNTg 2400) 
did not induce any fibroblast proliferation or collagen accumulation in vivo, supporting the idea that CNT structure 
is an important parameter for inducing lung fibrosis. 

Conclusions: In this study, an optimized proliferation assay using BSA as a dispersant, MLg cells as targets and an 
adaptation of WST-1 as readout was developed. The activity of MWCNT in this test strongly reflects their fibrotic 
activity in vivo, supporting the predictive value of this in vitro assay in terms of lung fibrosis potential. 
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Background 

Serious concerns have been raised regarding the potential 
adverse effects of nanomaterials (NM) on the health of 
exposed workers, users or consumers, as well as on the 
environment [1]. Among the variety of already existing 
NM, carbon nanotubes (CNT) are particularly scrutinized 
because of their structural resemblance to asbestos, sug- 
gesting that they could induce simOar harmful effects, 
including inflammatory and fibrotic lung reactions, pleural 
mesothelioma and lung cancer [2]. Furthermore, pris- 
tine CNT are generally hydrophobic, essentially inso- 
luble in water and, when long enough, expected to be 
biopersistent. These features contribute to reinforce the 
concerns about their pathogenic activity [3]. 

Most experimental studies conducted with CNT have 
focused on respiratory effects because inhalation repre- 
sents the most worrying route of exposure to this mate- 
rial. Early studies indicated that they were able to induce 
inflammatory reactions, granulomas, fibrosis, and bio- 
chemical changes in rodent lungs when administered 
intratracheally or intrapharyngeally [4-6]. In these stu- 
dies CNT were shown to be more toxic than quartz, well 
known for its pulmonary toxicity. Results from inha- 
lation studies revealed the capacity of CNT to induce 
lung fibrosis [7,8] or not [9-11]. 

Recent data indicated that CNT can stimulate lung 
fibroblast proliferation in vitro. Wang et al. [12] showed 
that lung fibroblasts exposed in vitro to single-wall (SW) 
CNT displayed increased proliferation and collagen pro- 
duction in the absence of cell damage. They also ob- 
served that SWCNT stimulated the proliferation of lung 
epithelial cells. Non-dispersed SWCNT were not active 
in these assays, pointing to the importance of isolated 
CNT for these effects [13]. Similar results were obtained 
with multi-wall (MW)CNT [14-16]. 

This in vitro activity of CNT is likely relevant to 
understand their capacity to induce lung fibrosis in vivo 
because fibroblast proliferation is an essential compo- 
nent of the fibrotic process, together with differentiation 
in myofibroblasts and excessive production of collagen, 
leading to the exaggerated deposition of extracellular 
matrix [17-19]. Though inhaled NM first encounter ma- 
crophages and epithelial cells in alveoli, a direct inter- 
action of CNT with fibroblasts is very likely in vivo since 
it has been shown that they can rapidly reach the 
alveolar interstitial space and co-localize with inflam- 
matory and fibrotic granulomas containing collagen 
fibers [4,5,20]. 

The capacity of CNT (or other NM) to stimulate fibro- 
blast proliferation may, therefore, offer an opportunity 
to develop an in vitro assay able to predict a fibrotic 
activity in vivo. Such an in vitro assay would contribute 
to the efforts for reducing the number of toxicological 
testings on vertebrates to ensure the protection of 



human health, including in the context of the European 
REACH regulations. 

In this manuscript, we report on the development of a 
simple, effective, fast and standardized in vitro assay to 
determine whether a NM can exert a direct proliferative 
effect on fibroblasts. The consistency of the proliferative 
response was confirmed with different endpoints, cell 
types and dispersion conditions. The association bet- 
ween the proliferative activity of CNT on fibroblasts 
in vitro and their ability to induce pulmonary fibrotic 
responses in vivo was established by correlating the 
respective activities of different samples. 

Results 

Physicochemical characterization of MWCNT 

The morphology of the different MWCNT samples is 
shown in Figure 1 and their characteristics are reported 
in Table 1. NM400 and NM402 are similar in length but 
slightly differ by their diameter and impurity content. 
MWCNTg 2400 were shorter than NM400 and NM402 
and had lower defect and impurity levels. The individual 
length of crushed NM400 (NM400c) was significantly 
reduced compared to the pristine NM400, without 
modifying other characteristics. CNT diameters and 
lengths were not modified after the dispersion by soni- 
cation (Figure IB). 

MWCNT stimulate fibroblast proliferation in vitro and 
induce lung fibrosis 

The (pro-)fibrotic activity of NM400 and NM402 was 
assessed in vitro on fibroblasts and in vivo in mouse lungs. 
Primary lung fibroblasts were exposed to NM400 and 
NM402 pre-dispersed in 2% fetal bovine serum (FBS - 
0.2% final FBS concentration during cell exposure), or to 
human platelet-derived growth factor (PDGF)-BB as a 
fibrosis-relevant growth factor. Cell proliferation was as- 
sessed by counting the number of living cells after 24 h 
exposure to doses ranging from 1 to 37.5 \xg/cm^. Both 
CNT samples significantly increased cell number in a 
dose-dependent manner and the highest concentration in- 
duced an effect similar to PDGF (Figure 2A). In parallel, 
the pulmonary fibrotic response to the same CNT was 
assessed. Min-U-Sil (Si02), a reference micrometric crys- 
talline silica particle, was used as positive control. Fibrosis 
was assessed by quantifying hydroxyproline lung content 
as a marker of total collagen accumulation, 2 months 
after instillation. NM400 and NM402 induced a dose- 
dependent collagen accumulation and, at the highest 
doses (50-100 |^g/mouse), similar in extent to 2.5 mg 
Min-U-Sil (Figure 2B). Thus, the tested MWCNT 
showed a direct effect on lung fibroblasts which might 
reflect their fibrotic activity in vivo. We next optimized 
the experimental conditions for the in vitro proliferation 
assay. 
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Figure 1 Scanning Electron Microscopy images of different MWCNT. NM400, NM402, NM400c and MWCNTg 2400 images were taken (A) 
before and (B) after dispersion by sonication with a scanning electron microscope. 



Influence of the dispersion medium on the in vitro effect 
of MWCNT on fibroblast proliferation 

Since NM400 and NM402 similarly increased fibroblast 
proliferation and induced similar lung fibrosis, sub- 
sequent in vitro experiments were mainly performed 
with NM400. To exclude any FBS-specific effect, e.g. 
linked to a growth factor activity present in serum and 
possibly adsorbed on MWCNT, several other dispersion 
media were compared. NM400 was dispersed in FBS 2% 
or 10%, bovine serum albumin (BSA) 1.4 mg/ml, or 
Survanta 150 [^g/ml (a natural bovine lung extract used 
to mimic lung surfactant). The selected BSA concentra- 
tion is based on the total protein concentration present 
in FBS 2%. Figure 3 shows that NM400 induced fibro- 
blast proliferation with all dispersion media containing 
FBS or BSA. The effect was, however, amplified with in- 
creasing serum concentration in the dispersion medium. 
The proliferation of fibroblasts (BALB-3T3) was also in- 
creased by CNT dispersed in Survanta (data not shown). 
These results supported the selection of 1.4 mg BSA/ml 

Table 1 Physicochemical characterization of MWCNT 





NM400 


NM402 


NM400 
crushed 


MWCNTg 
2400'' 


Diameter (nm) 


5 - 35" 


6 - 20"" 


18-35 


20-50 


Lengtli (^im) 


0.7 - 3" 


0.7 - 4" 


0.14-0.5 


0.7 


mpurities 


5.38 


3.16 


5.22 


0.37 


% Al 


0.24 


3.00 X 1 0" 


0.24 


0.15 X 10"^ 


%Co 


0.58 


2.39 


0.50 


0.10 X 10"* 


% Fe 










Extent of defects (Id/Ig) 


1.20 


1.12 


1.20 


0.58 



Refer to [42] " and [24,25] *=. 



to disperse test materials for subsequent experiments, 
since it excludes that active serum components might 
confound the proliferation effect. 

Selection of a fibroblast cell line 

To examine the response of different fibroblast cell types, 
the effect of NM400 on human fetal lung fibroblasts 
(HFL-1), mouse embryonic fibroblasts (BALB-3T3) and 
mouse lung fibroblasts (MLg) was evaluated. At the con- 
centrations tested, NM400 had a similar and significant 
stimulating effect on the proliferation of all fibroblasts 
(Figure 4). MLg were chosen for subsequent experiments 
since the propagation of this cell in culture is more con- 
venient than primary cells and furthermore, the in vitro 
results obtained with these cells can be directly compared 
to in vivo experiments performed in mice. 

Selection and validation of an optimal proliferation assay 

Accumulating evidence show that CNT can interact with 
conventional in vitro assays leading to potentially biased 
results [21-23]. This may be avoided by evaluating the 
in vitro proliferative activity by counting cells, as this 
readout appears as the least susceptible to CNT inter- 
ference. However, since manual cell counting is time 
consuming and not amenable to large throughput, we 
explored the possibility to use other assays by using cell 
counting as a reference method. The relevance of other 
in vitro endpoints, including water-soluble tetrazolium 
salts (WST)-l, Alamar Blue, CyQuant, [^H] -thymidine 
incorporation and propidium iodide (PI) staining was 
further assessed. Alamar blue assay yielded unstable re- 
sults, and MWCNT interfered with most other assays. 
We observed that MWCNT can interfere with different 
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Figure 2 MWCNT stimulate fibroblast proliferation in vitro and induce lung fibrosis in a dose-dependent manner. (A) In vitro effect of 
MWCNT on prinnary nnurine lung fibroblast proliferation assessed by cell counting. Fibroblasts cultured from C57BL/5 mouse lungs were treated 
with different doses (pg/cm^ culture well) of MWCNT (NM400 and NM402, final FBS concentration 0.2%) for 24 h. PDGF-BB (50 ng/ml) was used 
as a positive control. Results are expressed relative to non-treated cell number (Ctl). * p < 0.05, ** p < 0.01, *** p < 0.001 vs non-treated cells 
(n = 3, t-test or Dunnet multiple comparison test as appropriate). (B) In vivo lung fibrotic response to MWCNT (hydroxyproline lung content) 
assessed 2 months after pharyngeal administration in mice with different doses of MWCNT (NM400 and NM402), or Min-U-Sil (Si02) as positive 
control. * p < 0.05, ** p < 0.01, *** p < 0.001 vs non-treated cells (n = 5-7, t-test or Dunnet multiple comparison test as appropriate). 



aspects of the experimental procedures, such as the 
assay absorbance wavelength (WST-1), DNA nucleosides 
(thymidine) and DNA intercalating agents (CyQuant) 
(data not shown). However, we were able to fend off most 
potential interferences of MWCNT with the WST-1 assay 
by applying the procedure described in the Methods sec- 
tion. Figure 5B shows that WST-1 activity increased dose- 
dependently in response to MWCNT, similarly to cell 
number (Figure 5A), suggesting that this adapted 



procedure can be used instead of cell counting, particu- 
larly if high throughput is sought. 

At the same time, increased cell number after expos- 
ure to MWCNT was confirmed to be, at least in part, 
due to enhanced proliferation by using PI staining that 
evaluates the cell DNA content. The ratio of fibroblasts 
in S (DNA synthesis) and G2/M (Gap2 and mitosis) 
phases 24 h after exposure was calculated from the 
histogram (event counts vs. PI fluorescence) and was 




Figure 3 Influence of dispersion medium on the in vitro effect 
of MWCNT on fibroblast proliferation assessed by cell counting. 

Primary murine lung fibroblasts were treated for 24 h with different 
doses of NM400 dispersed in 2 or 10% FBS or 1.4 mg/ml BSA (final 
concentrations 0.2% FBS and 0.14 mg/ml BSA, respectively). PDGF-BB 
(50 ng/ml) was used as a positive control. Results are expressed 
relative to non-treated cell number (Ctl). * p < 0.05, ** p < 0.01 vs 
non-treated cells (n = 3, t-test or Dunnet multiple comparison test 
as appropriate). 




Primary 
fibroblasts 



Figure 4 In vitro effect of MWCNT on proliferation of several 
fibroblast types assessed by cell counting. Primary murine lung 
fibroblasts and human and mouse fibroblast cell lines (HFL-1, BALB/ 
3T3 and MLg) were treated for 24 h with different doses of NM400 
dispersed in 1 .4 mg BSA /ml (final concentration 0.14 mg BSA /ml). 
PDGF-BB (50 ng/ml) was used as a positive control. Results are 
expressed relative to non-treated cell number (Ctl). * p < 0.05, 
** p < 0.01, *** p < 0.001 vs non-treated cells (n = 3, t-test or Dunnet 
multiple comparison test as appropriate). 
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NM400 30 |ig/cm' 



Figure 5 In vitro effect of MWCNT on MLg fibroblast proliferation assessed by different assays. Fibroblasts were treated 24 h with 
different doses of NM400 dispersed in 14 mg BSA /ml (final concentration 0.14 mg BSA /ml). (A) Cell counting, (B) WST-1 assay and (C, D) 
propidium iodide staining (C) % cells in S and G2/M phases and (D) histogram plot event counts vs PI were used for in vitro assays. PDGF-BB 
(30 ng/ml) was used as a positive control. Results are expressed relative to cell number, WST1 activity or % cells in S/G2/l\/l in non-treated cells 
(Ctl). * p < 0.05, ** p < 0.01, *** p < 0.001 vs non-treated cells (n = 3-4, t-test or Dunnet multiple comparison test as appropriate). 



significantly increased after treatment with PDGF and 
NM400 (Figure 5C and D). Figure 5D shows a repre- 
sentative histogram that illustrates FACS data for each 
condition. Thus, data obtained by cell counting were 
confirmed by two other readouts based on completely 
different principles, and proliferation can be conve- 
niently assessed by the adapted WST-1 assay. 

In vitro comparison of different CNT samples 

To assess the effect of CNT length on fibroblasts pro- 
liferation, we disrupted the "high-aspect ratio" structure 
of NM400 by grinding (crushed NM400, NM400c). 
Additionally, we selected MWCNTg 2400 [24,25], cha- 
racterized by a length (0.7 i^m) intermediate between 
NM400 and NM400c. Crocidolite was included because 
of its known (pro-)fibrotic activities in vitro and in vivo 
and of its fiber-like structure (in the micrometer length 
range). Figure 6 shows that intact NM400 and croci- 
dolite, but not NM400c and MWCNTg 2400, stimulated 
fibroblast proliferation as shown by the WST-1 assay. 



NM400 had a stronger proliferative activity on fibroblast 
cells than crocidolite. 

The in vitro effect on fibroblast proliferation appears 
predictive of the in vivo lung fibrotic response to MWCNT 

In parallel, C57BL/6 mice were aspirated with 100 |ig of 
each of these CNT samples; silica (Min-U-Sil) and as- 
bestos (crocidolite) were used as positive controls. Two 
months after treatment, we observed a significant increase 
of collagen lung content with the intact NM400, silica and 
crocidolite, but not with NM400c or MWCNTg 2400 
(Figure 7A). The histopathological study, evaluated by 
Sirius red staining, confirmed the biochemical findings, 
revealing the accumulation and a greater thickness of the 
collagen fibers only in the lung of mice instilled with 
NM400 and crocidolite (Figure 8) tough NM400 led to a 
stronger fibrotic response than crocidolite. Furthermore, 
the levels of total transforming growth factor (TGF)-pi, 
PDGF-BB and osteopontin (OPN), all key mediators of 
the lung fibrotic process, were significantly increased in 
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Figure 6 In vitro effect of several MWCNT and crocidolite on 
MLg fibroblast proliferation. Fibroblasts were treated for 24 h with 
different doses of MWCNT (NM400, NM400c, MWCNTg 2400) and 
crocidolite dispersed in 14 mg BSA /ml (final concentration 0.14 mg 
BSA /ml). WST-1 assay were used for in vitro assays. PDGF-BB (30 ng/ml) 
was used as a positive control. Results are expressed relative to WST1 
activity in non-treated cells (Ctl). * p < 0.05, ** p < 0.01, *** p < 0.001 vs 
non-treated cells (n = 3-4, t-test or Dunnet multiple comparisons test 
as appropriate). 



the bronchoalveolar lavage fluids (BALF) of mice exposed 
to intact NM400 and to a greater extent than to silica and 
crocidolite (Figure 7B to D). NM402 also enhanced these 
cytokines in a dose-dependent manner (data not shown). 

Altogether, these results indicate that in vitro fibro- 
blast proliferation and lung fibrosis appear to be mainly 
induced by intact CNT and to a lower extent by asbes- 
tos. Furthermore, they suggest a predictive value of the 
in vitro proliferative activity in terms of lung fibrosis 
potential. 

Discussion 

Several in vivo studies have shown that CNT can induce a 
fibrotic reaction in the lung (for a review see [2,26,27]). 
A number of investigators have indicated that the mech- 
anism of CNT-induced pulmonary fibrosis is indirect 
and mediated via macrophages and/or epithelial cells. 
Cesta et al. [28] demonstrated that pre-existing res- 
piratory inflammation exacerbates the lung fibrotic 
response to CNT by increasing PDGF release by macro- 
phages and the PDGF-receptor in fibroblasts. More 
recently, Li et al. [29] showed that macrophages and 
epithelial cells exposed to CNT can release interleukin 
(IL)-1|3, TGF-p and PDGF, three key mediators in the 
development of pulmonary fibrosis. Wang et al. [30] 
also reported that long MWCNT can activate macro- 
phages and increase their production of TGF-(3. 

Other investigators have shown the ability of CNT to 
reach the alveolar interstitium and to directly enter in 
contact with fibroblasts [5,20]. It is, therefore, relevant 
to examine whether CNT can act directly on fibroblasts. 



in addition to the indirect inflammatory pathway. CNT 
have already been reported to stimulate the in vitro 
proliferation of lung fibroblasts [12,16], epithelial cells 
[13] and osteoblasts [31,32]. In the present study, we 
confirmed the ability of MWCNT to stimulate fibroblast 
proliferation and we optimized an in vitro assay to assess 
this activity. The response to MWCNT in this assay 
appears predictive of their capacity to induce pulmonary 
fibrosis in vivo, which further supports the biological 
relevance of this assay. 

Whether doses applied in the present study are rele- 
vant for human exposure scenarios can be evaluated by 
the approach suggested by Porter et al. [33] (Figure 9). 
Mice were exposed to 12.5-100 |ig/mouse (alveolar sur- 
face area 0.05 m^), which is equal to 25-200 mg/lung in 
humans (alveolar surface area 102 m ). Considering a 
deposition fraction of 30% [34], a peak MWCNT air- 
borne level of 400 |ig/m^ measured in a research labora- 
tory [35], and a minute ventilation of 20 1/min [36], a 
human- equivalent dose would be achieved within 1 to 
7.5 months of exposure in a contaminated work place. 
Assuming a 10-fold lower exposure of 40 |ig/m , the 
experimental dose could be reached after 10 months to 
6.2 years of human inhalation exposure. Extrapolation of 
in vitro concentrations to in vivo dosimetry can be 
approximated by normalizing the surface area exposed 
to MWCNT in the tissue culture dish and in the murine 
airways [16]. Here, the in vivo doses correspond to 
0.025-0.2 \xg MWCNT/cm^ culture well, which is less 
than the in vitro doses used (7.5 - 30 |ig/cm^). However, 
three important aspects should be taken into account: 
(i) in vitro, cells are exposed for only 24 h, while in vivo 
experiments were performed over 2 months, (ii) in vivo, 
CNT are not distributed uniformly in the lung and 
inhaled particles can be found concentrated in some so- 
called hot spots in the lung [37] and (iii) it should also 
be considered that CNT do not entirely sediment onto 
cells in vitro. These aspects can, therefore, contribute to 
justify the doses used in vitro to explore the possible 
mechanisms of CNT toxicity in the lung (see Figure 10). 

The doses used in the present study both in vitro 
(7.5 - 30 \xg/cm^) and in vivo (12.5 - 100 i^g) are also 
higher than those used by other investigators. For 
example, Wang et al. [12] and Azad et al. [38] used 
SWCNT with doses of 0.02 - 0.2 (ig/cm^ in vitro and 
10 |ig/mouse in vivo, and 5-25 |Jg/ml in vitro, respec- 
tively. However, the mass of an individual CNT differs 
according to structure (SW vs MW). NM400 and 
NM402 are composed of 10-20 and 6-15 walls, respec- 
tively, leading to a mass per nanotube about 10-fold 
greater compared to SWCNT, for similar lengths. The ra- 
tionale for this comparison implies that nanotube number 
is the relevant dose metrics accounting for the biological 
activity of CNT, which is a plausible hypothesis [3]. 
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Figure 7 In vivo lung fibrotic response to several MWCNT and crocidolite. (A) Hydroxyproline lung content and cytokine levels in BALF, 
(B) total TGF-pi, (C) PDGF-BB and (D) OPN (quantified by ELISA) were measured 2 months after pharyngeal aspiration of MWCNT (NM400, 
NM400C, MWCNTg 2400) and crocidolite in C57BL/6 mice. Min-U-Sil (SiOj) was used as positive control. » p < 0.05, *» p < 0.01, *** p < 0.001 vs 
non-treated mice (n = 5-8, t-test). 



However, a study by Wang et al. [14] also showed the sti- 
mulation of fibroblast proliferation with a MWCNT con- 
centration as low as 5 |ig/ml in vitro. Differences in 
concentrations may also be related to different experi- 
mental procedures, such as cell lines, incubation time 
periods (48 h instead of 24 h) and presence of 10% serum 
during exposure to CNT (no serum in the present study). 

Several authors have reported that the dispersion of 
CNT is a key determinant of their capacity to stimulate 
the proliferation of fibroblasts or to induce an interstitial 
fibrotic reaction in vivo [13,14,16]. Initially, we dispersed 
CNT in an aqueous solution containing FBS. However, 
we observed that serum had an additive effect on CNT 
activity on fibroblast proliferation, suggesting that serum 
growth factors could adsorb on CNT and be released 
during cell exposure. Indeed, we showed that the higher 
the FBS concentration used for dispersion, the stronger 
the proliferative effect on fibroblasts. It is important to 
notice that final serum concentrations (0.2% FBS) during 
exposure to CNT was identical whatever the initial disper- 
sion condition. To avoid the effect of serum, we used a 
dispersion medium containing BSA, a protein that most 



likely adsorb onto CNT but has no effect on fibroblast 
survival or proliferation. Our choice is in agreement with 
previous studies recommending the use of BSA as a dis- 
persant [14]. Furthermore, the final BSA concentration in 
exposure medium is lower than the concentration mea- 
sured in the alveolar fluid of a normal mouse [33]. 

The pro-fibrotic activity of CNT in vitro was con- 
firmed on different fibroblast cells of various origins, 
among which primary murine lung fibroblasts, mouse 
embryonic and lung fibroblast cell lines and human fetal 
lung fibroblasts, indicating that this activity is not 
species-specific and providing some support to extra- 
polate mouse in vivo and in vitro data to humans (paral- 
lelogram approach, [39]). 

As first reported by Worle-Knirsch et al. [21], some 
nanospecific (CNT) properties can lead to interferences 
between NM and commonly used in vitro assays. 
Therefore, it is strongly recommended to take possible 
interferences into account and to verify results with other 
assays. Here, three tests based on totally different readouts 
were performed in order to confirm the proliferative effect 
of MWCNT. The data obtained with cell counting and 
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Figure 8 In vivo lung fibrotic response to several MWCNT and crocidolite assessed by histology. Sirius red lung sections were analyzed 
2 months after pharyngeal aspiration of MWCNT (ICQ pg - NM400, NM400c and MWCNTg 2400) and crocidolite (100 ^ig) in C57BL/6 mice. 
Min-U-Sil (Si02) was used as positive control. Bars correspond to 100 ^im (A, C) or 20 pm (B, D). 



the WST-1 assay indicated a CNT- stimulating effect on 
fibroblast proliferation. Since a reduction of cell death or 
apoptosis of fibroblasts could also account for these re- 
sults, we confirmed the stimulation of fibroblast pro- 
liferation by using PI that detects cells in the process of 
DNA replication or division. The possible interferences 
between NM and WST-1 absorption wavelength or NM 



reactivity with WST-1 substrate have been integrated in 
our protocol by using triton-treated blanks for each condi- 
tion. Thus, we have optimized the WST-1 assay for NM 
and results were validated by two other assays. We con- 
clude that stimulation of fibroblast proliferation can be 
consistently assessed with the NM-adapted WST-1 assay 
described in this manuscript 
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Figure 9 Correlation and relevance of in vivo mouse doses to human MWCNT exposure. 
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Finally, we validated our in vitro test by relating the 
results obtained with CNT, asbestos and silica to the 
development of pulmonary fibrosis in mice. NM400 and 
NM402 MWCNT and crocidolite induced fibrotic res- 
ponses. NM400, however, had a stronger effect than 
crocidolite (asbestos), strengthening the concern about 
the hazardous properties of CNT. As CNT length is sug- 
gested to play an important role in CNT toxicity and 
particularly the pro-fibrotic potential [30,40] shortened 
NM400 (NM400c) and MWCNTg 2400 were tested. 
Interestingly, we observed that nanotube length/struc- 
ture was critical since these shorter MWCNT did not 
induce fibroblast proliferation or lung fibrosis in mice 
contrary to NM400 and NM402. In contrast, in a pre- 
vious study from our group [24], MWCNTg 2400 were 
shown to induce lung fibrosis. This apparent discre- 
pancy could be explained by the different protocol 



conditions of the two studies: animal model (mouse vs 
rat), dispersion method (BSA + sonication vs Tween), 
mode of particle administration (aspiration injection vs 
intratracheal aspiration), dose (100 i^g/mouse vs 2 mg/ 
rat). Our results also indicate that metallic contami- 
nants are not necessary for CNT pro-fibrotic activity 
since NM400c, chemically identical to NM400, was in- 
active in vitro and in vivo. Furthermore, we observed 
that NM400 and NM402 do not produce reactive oxy- 
gen species (ROS) in absence of cells [41], but instead 
exhibit a remarkable radical scavenging capacity, sug- 
gesting that acellular ROS production by CNT is also 
not necessary for CNT pro-fibrotic activity. 

Conclusions 

The present study proposes an experimentally validated 
in vitro assay suitable for assessing the lung fibrogenic 
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activity of NM. The results show that the in vitro proli- 
ferative activity of CNT strongly reflects the in vivo fibro- 
sis findings, supporting a predictive value of our in vitro 
assay. The results obtained in this study also indicate that 
the structure/length of CNT constitute an important phy- 
sicochemical determinant in the capacity of these mate- 
rials to induce lung fibrosis. Several other CNT features 
have been shown to modulate their pro-fibrotic activity, 
reinforcing the need of a predictive test. Thus, the value of 
the present assay will need to be confirmed with a larger 
range of CNT covering different physicochemical proper- 
ties and through an inter-laboratory comparison study to 
address its reproducibility and transferability. A better 
understanding of the cellular mechanism involved in the 
proliferative activity of CNT will further contribute to 
better establish the predictive value of the assay. 

Methods 

CNT, silica and asbestos 

MWCNT NM400 and NM402 were obtained from the 
European Commission Joint Research Centre (Ispra, 
Italy) and originate from Nanocyl (Belgium) and Arkema 
(France), respectively. A fraction of NM400 was crushed 
in an oscillatory agate ball mill (Fritsch, Idar-Oberstein, 
Germany), with a vertical vibration of 1 mm applied 
during 6 h to obtain NM400c. MWCNTg 2400 were 
obtained as reported previously [24,25]. Briefly, these 
CNT were modified by grinding and then heated at 
2400°C for the elimination of metal clusters and abla- 
tion of structural defects. Asbestos (crocidolite) was 
obtained from the Union Internationale contre le Can- 
cer (lUCC, Geneva, Switzerland) and Min-U-Sil (crys- 
talline Si02) from the U.S. Silica Company (Berkeley 
Springs, USA). 

Physicochemical characterization of IViWCNT 

Different analytical techniques were used to characterize 
MWCNT. Scanning electron microscopy (SEM) was used 
to study the length and diameter of the samples. CNT 
have been dispersed in a solution of chloroform (Sigma 
Aldrich, St Louis, USA) or in dispersion medium after 
sonication (see below) at room temperature and a drop of 
the fresh suspension was placed on a sample holder with a 
carbon coating and air dried. SEM pictures were taken 
with a scanning electron microscope 7600 F (Jeol, Tokyo, 
Japan) and NM400c length and diameter were measured 
with the Analysis program (Olympus, Tokyo, Japan). For 
NM400 and NM402, refer to [42] and for MWCNTg 
2400, refer to [24,25]. Raman spectroscopy was acquired 
with a DXR SmartRaman Spectrometer (Thermo Scien- 
tific, Waltham, USA) operating in the microscopic mode 
with a 2048 pixel charge-coupled device (CCD) detector. 
A laser with an incident excitation wavelength of 780 nm 
and a power of 10 mW, a 50 |im slit aperture and a 



10 times magnification objective were used to evaluate the 
degree of crystallinity of CNT. The concentration of 
metals in the samples was quantified after mineralization 
in acid (HNO3 14 N and HCl 12 N; Merck, Darmstadt, 
Germany) in a high pressure microwave (Multiwave, 
Anton Paar GmbH, Graz, Austria). The amount of Fe was 
measured by atomic absorption spectrometry on a Spectra 
AA 300 (Varian Zeeman Inc., Palo Alto, USA) equipped 
with a graphite furnace atomizer and a Zeeman system for 
correction of nonspecific absorbance. The amount of Al 
and Co was measured by inductively coupled plasma mass 
spectrometry (ICP-MS; Agilent 7500G, Santa Clara, USA) 
with an octapole reaction system. 

Material dispersion 

MWCNT were weighed in a sterile glass vial and sus- 
pended to a concentration of 2.55 mg/ml. Several disper- 
sion media were evaluated. They were prepared with 
autoclaved nanopure H2O supplemented either with 2 or 
10% fetal bovine serum (FBS, Invitrogen, Paisley, USA), 
1.4 mg/ml bovine serum albumin (BSA, Sigma Aldrich, St 
Louis, USA) or 150 |ig/ml Survanta (Abbott Laboratory, 
Illinois, USA). The suspension was sonicated (Virsonic 300 
ultrasonic cell disrupter, Virtis, Gardiner, USA) for 16 min 
without interruption (power 15%) on ice. In order to keep 
the final concentration of the dispersant equal at all tested 
doses, the stock solutions (2.55 mg/ml) were serially diluted 
(2 fold-dilutions) in the same dispersion medium and then 
sonicated 15 min in a waterbath. Min-U-SU and asbestos 
were direcdy dispersed with autoclaved nanopure H2O 
supplemented with 2% FBS or 1.4 mg/ml BSA. 

Fibroblast culture 

Primary mouse lung fibroblasts were obtained from eight 
to twelve-week old female C57BL/6 mice (local breeding 
facility, Animalerie Centrale, Universite catholique de 
Louvain, Brussels, Belgium), housed in positive pressure 
air-conditioned units (25°C, 50% relative humidity) on a 
12 h light/dark cycle with free access to water and 
laboratory animal food. Mice were euthanized with an 
injection of pentobarbital (15 mg/mouse intraperito- 
neally, Certa, Braine-l'Alleud, Belgium). Whole lungs 
were perfused with phosphate buffered saline (PBS, 
Invitrogen) via the right ventricle. Lungs were minced 
with scissors for 4 min and then digested in 9 ml Hank's 
buffered salt solution (HBSS, Invitrogen), 0.8 ml Liberase 
TH (5 mg/ml, Roche, Mannheim, Germany) and 0.25 ml 
DNase (1 mg/ml, Worthington Biochemical Corporation, 
Lakewook, USA) at 37°C during 35 min under gentle agi- 
tation. The resulting cell suspension was filtered (70 \im), 
resuspended in Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 10% FBS and 1% antibiotic- 
antimycotic (AA, Invitrogen), transferred into a flat tissue 
culture flask (2 lungs/75 cm^) and incubated at 37°C 
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under 5% CO2. After 1 day, cells were washed with 10 ml 
DMEM and supplemented with fresh DMEM, 10% FBS, 
1% AA. Cells were harvested 6 days later by adding 3 ml 
of 0.25% trypsin-EDTA (Invitrogen) and incubated for 
10 min at 37°C. Trypsin was neutralized by adjunction of 
DMEM, 10% FBS and 1% AA. Cell suspensions were 
centrifuged for 10 min at 400^ and resuspended in 5 ml 
fresh DMEM, 10% FBS, 1% AA. Cell number and viability 
were determined with Trypan Blue Solution (Sigma 
Aldrich). Cells were seeded into 96-well or 24-well culture 
plates in complete medium (10% FBS) at a density of 30 
000 or 180 000 cells/well, respectively, and incubated at 
37°C under 5% CO2 for 24 h. Primary fibroblasts were 
sub-cultured for a maximum of 3 passages and used at 
passages 2 and 3 (refer to [43] for cell purity). 

Mouse lung fibroblasts (MLg cell line) obtained from 
ATCC (catalog n°CCL-206) were cultured in MEM 
(Invitrogen) supplemented with 10% FBS and 1% AA and 
maintained at 37°C under 5% CO2. Cells were harvested, 
counted and cultured as previously described for primary 
fibroblasts. MLg were sub-cultured for a maximum of 15 
passages. 

BALB-3T3 cells were obtained from Pr. Michiels 
(Institut De Duve, Universite catholique de Louvain, 
Brussels, Belgium) and cultured in DMEM GlutaMAX 
(Invitrogen) supplemented with 10% FBS and 1% AA at 
37°C under 5% CO2. Cells were harvested, counted and 
cultured as previously described for primary fibro- 
blasts. BALB-3T3 were sub-cultured for a maximum of 
15 passages. 

Human fetal lung fibroblasts (HFL-1 cell line) cells 
obtained from ATCC (catalog n°CCL-153) were cultured 
in F12K Nutrient Mixture (Invitrogen) supplemented 
with 10% FBS and 1% AA and maintained at 37°C under 
5% CO2. Cells were harvested, counted and cultured as 
previously described for primary fibroblasts. HFL-1 were 
sub-cultured for a maximum of 15 passages. 

Fibroblast exposure 

After 24 h at 37°C in complete culture medium (10% 
FBS), cells were washed once with their basal medium 
(no FBS, no AA) and then supplied with 200 [il (96-well 
culture plate) or 1 ml (24-well culture plate) medium 
with 1% AA containing 1/10 material dilutions. Cells 
were exposed during 24 h to 1 to 37.5 |ig MWCNT or 
equivalent/cm^. Exposure to human platelet-derived 
growth factor (PDGF-BB, R&D System, Minneapolis, 
USA) at the indicated final concentration was used as a 
positive control for proliferation assays. 

Proliferation assays 

Cell proliferation was assessed by cell counting, WST-1 
assay and propidium iodide staining. 



For cell counting, cells exposed for 24 h to test mate- 
rials in 96-well plates were washed twice with their basal 
medium and then incubated with 25 \il 0.25% trypsin- 
EDTA for 10-15 min at 37°C. Trypsin was neutralized by 
adjunction of 100 |il of complete medium and cell sus- 
pensions were transferred and kept on ice. Cell number 
and viability were determined with Trypan Blue Solution 
on a Bijrker cell. Data are presented as relative cell count 
compared to the non-exposed cells. 

WST-1 is a colorimetric assay that quantifies mitochon- 
drial activity and reflects cell viability. For this test, cells 
exposed for 24 h to test materials in 96-well plates were 
washed twice with their basal medium. Half of the cul- 
tures were supplied with 100 |il of medium and the other 
half with 100 [il medium containing 0.2% Triton X-100 to 
kill cells. Triton-treated wells were used as blanks since 
they contain the same amount of test material as test sam- 
ples but have no mitochondrial activity. This procedure 
was introduced to eliminate the possible interferences of 
test materials with the assay either by interacting with the 
absorbance wavelength and/or with the WST-1 substrate. 
After 15 min at 37°C, 100 |il WST-1 (diluted 10 times in 
medium, Roche Diagnostics GmbH, Mannheim, 
Germany) were added to the cells and absorbance was 
measured after 60-90 min at 480 nm and at 680 nm 
(Spectrophotometer Infinite F200, Tecan, Mannedorf, 
Switzerland). Data are presented as relative cell activity 

(Abs exposed / Abs non-exposed) where Abs = (Abs 480 - 
Abs 680) no Triton " (Abs 480 - Abs 68o) Triton- 

For the propidium iodide (PI) staining, cells exposed 
for 24 h to test materials in 24-well plates were washed 
once with 500 |il MEM and then incubated with 200 \il 
0.25% trypsin-EDTA for 10-15 min at 37''C, until cells 
detached. Trypsin was neutralized by adding 800 \x\ 
MEM, 10% FBS, 1% AA. Cell suspensions were 
centrifuged for 5 min at 100^ (4°C), washed with 1 ml 
PBS and then re-centrifuged for 5 min at 100^ (4°C). 
Cells were re-suspended in 1 ml EtOH 70% for fixation, 
by adding first 300 |il PBS and then 700 |il cold EtOH 
100% drop wise while gently vortexing to avoid precipi- 
tation. Cells were incubated for at least 2 h at 4°C. Cell 
suspensions were then centrifuged for 5 min at 100^ 
(4°C), washed with 1 ml PBS, and then re-centrifuged 
for 5 min at 100^ (4°C). Then cells were resuspended in 
250 |il PI staining solution containing 50 ng/ml PI 
(P4170, Sigma- Aldrich), Triton X-100 0.1% and 0.1 mg/ml 
RNase A (R6513, Sigma Aldrich), to ensure that only 
DNA was stained. Cells were filtered (40 |im), incubated 
15 min at 37°C and then stored protected from light at 
4°C. The samples (10000 cells) were analyzed by flow 
cytometry with BD FACS CANTO II (BD Biosciences, 
San Jose, USA) and the software BD FACS Diva. Pulse 
processing was used to exclude cell doublets and inter- 
ference from the analysis. A first gate was applied to the 
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scatter plot FSC vs SSC to remove cell debris and a se- 
cond gate to the scatter plot PI-A vs PI-W to remove 
cell doublets. Cell% in Gq-Gi, S and G2-M phases were 
then deduced from the histogram plot event count vs PI 
derived from gates applied. 

Animals and treatments 

Eight week-old C57BL/6 female mice were obtained 
from Taconic Europe (Lille Skensvad, Denmark), housed 
in positive pressure air-conditioned units (25°C, 50% 
relative humidity) on a 12 h light/dark cycle with free 
access to water and laboratory animal food. MWCNT 
(NM400, NM402, NM400c, MWCNTg 2400), cro- 
cidolite and Min-U-Sil were dispersed as previously des- 
cribed. In the first in vivo experiment, NM400 and 
NM402 suspensions were diluted to 100, 50, 25, 12.5 [ig/ 
50 |il H2O with 2% PBS. In the second experiment, 
NM400, NM400C, MWCNTg 2400 and crocidolite sus- 
pensions were only diluted to 100 ng/50 ^il H2O with 
1.4 mg/ml BSA. After anesthesia with a mix of Ketalar, 
1 mg/mouse (Warner-Lambert, Zaventem, Belgium), and 
Rompun, 0.2 mg/mouse (Bayer, Leverkusen, Germany) 
given intraperitoneally, 50 |il of particle suspensions 
were injected directly into the lungs by pharyngeal as- 
piration. At least five mice were included per group. 
Control animals were treated with an equivalent volume 
of sterile water with the dispersant (control group). 
Positive control groups were instilled with 2.5 mg Min- 
U-Sil particles. Mice were sacrificed 2 months after 
instillation with an overdose of sodium pentobarbital 
(15 mg/mouse intraperitoneally). The left lobe was iso- 
lated by clamping the corresponding bronchi. This lobe 
was recovered in 3.65% paraformaldehyde (Sigma- 
Aldrich) in PBS for later histological analysis. The 
remaining lobes were lavaged to recover bronchoal- 
veolar lavages (BAL), perfused with NaCl 0.9%, excised 
and then placed in 3 ml ice-cold PBS for determination 
of lung hydroxyproline (OH-proline) content. 

BAL and biochemical assays 

BAL were performed by cannulating the trachea and 
lavaging the lobes with 1 ml NaCl 0.9%. The lavage was 
centrifuged (200^, 10 min, 4°C) and the cell-free super- 
natant (BALF) was used for biochemical measurements. 
Enzyme-linked immunosorbent assays (ELISA) were per- 
formed on BALF according to manufacturer's instruc- 
tions (R&D System) for active transforming growth 
factor (TGF)-pi, platelet transforming growth factors 
(PDGF)-BB and osteopontin (OPN). 

Lung homogenates and measurement of lung collagen 
content 

Lungs were homogenized on ice with an Ultra-Turrax 
T25 homogenizer (Janke & Kunkel, Brussels, Belgium) 



and stored at -80°C. Lung total collagen was estimated 
by measuring OH-proline, a specific component of colla- 
gen. Part of lung homogenate was hydrolyzed in HCl 
6 N at 108°C during 24 h and OH-proline was quantified 
by high-performance liquid chromatography [44] . 

Histology 

Paraffin-embedded sections were stained with Sirius Red 
for light microscopy examination. Sirius red binds to total 
collagen, whereas the fast green stains non-coUagenous 
proteins. 

Statistical analysis 

Data are presented as means ± standard error on the mean 
(SEM). Differences were evaluated by using t-test or one- 
way analysis of variance, followed by Dunnett's Multiple 
Comparison or Newman-Keuls Multiple Comparison 
tests, as appropriate. Statistical significance was con- 
sidered at p < 0.05. Data analysis was performed with 
GraphPad Prism 5.00 (GraphPad Software, San Diego, 
USA). 
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